The majority of these studies use ensemble techniques in solution, such as electrochemistry and absorption, electron paramagnetic resonance and nuclear magnetic resonance spectroscopy. The scanning tunneling microscope (STM) has proven to be a promising tool to study reactions at the molecular level [8] [9] [10] [11] [12] , and initial experiments have been reported in which the reactive properties of metal porphyrins were studied on a surface at the single molecule level by STM in ultrahigh vacuum (UHV) [13] [14] [15] [16] [17] and under ambient conditions 18, 19 .
Photoelectron Spectroscopy (XPS), STM can provide extremely high spatial resolution and insight into changes in the electronic properties of molecules with a liquid medium over them.
These liquid conditions make the system far more comparable with processes taking place in biological systems than the UHV conditions, where solvent-mediated factors such as the diffusion and concentration of reactants are fully absent. It is in principle possible with STM to monitor single molecules at the highest detail while they are involved in multistep chemical reactions with STM, and to image and identify reactants, intermediates and products in the most direct way, i.e. by imaging. This approach allows the study of reaction dynamics in realspace and real-time, which may provide unique information about reaction mechanisms that remains hidden in ensemble measurements at the macroscopic scale. STM may reveal variations in reactivity of single molecules, the relation of these variations to molecular adsorption geometry, and cooperativity effects at the nanometre scale.
An overview of the possible reaction pathways involving manganese porphyrins and oxygen, based on the literature [1] [2] [3] 18, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] and the observations described here, is depicted in Figure 1 . A reduction of the manganese centre of the porphyrin from Mn(III) to Mn(II) with loss of the counterion 20 is a requirement for the binding of an oxygen molecule to give a dioxygen adduct 21 . Subsequently, the oxygen-oxygen bond of the resulting species can be cleaved following two possible pathways: (i) a reaction with Mn(II) to form two Mn(IV)-oxo complexes 18, 22, 23 ; (ii) a reaction with an electron and two protons to generate water and a
[Mn(V)-oxo] + species [1] [2] [3] . The Mn(IV)-oxo species is active in the epoxidation of alkenes 3, 24 , and in the absence of such substrates it can connect to an additional Mn(II) porphyrin to give a µ-oxo bridged Mn(III) dimer [25] [26] [27] [28] In a first experiment we deposited a droplet of a ~10 −5 M solution of Mn1Cl in 1-octanoic acid at the basal plane of a freshly cleaved highly oriented pyrolytic graphite (HOPG) sample under ambient conditions. Related alkyl-functionalised free base porphyrin molecules are known to form well-ordered monolayers on the same substrate 30, 31 . STM revealed the instantaneous self-assembly of the molecules of Mn1Cl in extended lamellar arrays, in which the porphyrin planes are adsorbed parallel to the surface and the alkyl chains interdigitated (Fig. 2B ). The orientation of the lamellae and the alkyl chains with respect to the main crystallographic directions of the graphite surface is identical to that observed for the corresponding free base derivative. 30 When the surface was scanned under ambient conditions at a negative bias voltage of −800 mV and a tunneling current setpoint of 10 pA, typically within tens of minutes four distinct topographical Mn1-related states became apparent, which we label Mn1-A, Mn1-B, Mn1-C and Mn1-D (Figs 2C and 2D ). These states were stable and remained present for many minutes up to several hours. The stability of the monolayer at phase boundaries and defects indicated that molecular desorption and readsorption processes were very infrequent at the timescale of the experiment ( Supplementary Fig. S8 ). State Mn1-C may be assigned to an Mn(III)1(O2) complex, but such a species has been reported to be thermally very unstable in solution. [32] [33] [34] [35] STM measurements indicated that Mn1-C was generally stable for at least an hour. Furthermore, inspection of many STM images indicated that the molecules of Mn1-C were distributed non-randomly over the surface. In particular, there seemed to be a preference for the emergence of state Mn1-C at adjacent locations in the lamellae (Fig. 3C) . When experimentally obtained nearest neighbor distribution histograms of Mn1-C (at <8% surface coverages to minimise the effect of occupation statistics) were compared to a simulated dataset assuming a random distribution in the assembly, the experimental dataset revealed that the relative occurrence at the closest possible distance between two molecules (at 1.9 nm) is about twice as high as the corresponding peak in the simulation dataset ( Fig. 3D and Supplementary Material). Such a distribution points at a correlated process, and might be explained by a similar preferential pair-wise generation of state Mn1-C (illustrated in Fig. 1 ) as was previously observed for the reaction of oxygen with another type of Mn porphyrins adsorbed on a Au(111) surface 18 . At higher surface coverages of Mn1-C of 10-16%, this correlation appears not so pronounced when compared to the corresponding simulation (Fig. 3E) , although in that case occupation statistics can mask such an effect. The apparent correlation in the formation of these species can be explained by reasoning that Mn1-C corresponds to an Mn(IV)-oxo porphyrin complex, which can form as a result of a homolytic splitting of the oxygen-oxygen bond 18, 22, 36 . In that case the second oxygen atom can connect to a neighboring manganese porphyrin on the surface, whose effective molarity is extremely high, 37 to generate another Mn(IV)-oxo species. A related proximity effect in which two adjacent catalytic metal centres are involved in binding and splitting of molecular oxygen has been recently imaged in an STM study in which di-iron complexes were studied under UHV conditions 36 . In the present case it is noteworthy that the process takes place in a fluid medium. 1 ). Immediately after its addition STM images revealed the formation of a considerable amount of two topographical states, which we label Mn1-E and Mn1-F (Fig. 4A) . While Mn1-F strongly resembled the signature of Mn1-D in the experiment with oxygen, Mn1-E has a topography characterised by bright spikes that have a similar apparent height as the topography of Mn1-C ( Fig. 4B and Supplementary Fig. S13 ). Its relative coverage rapidly increased to 13% within 45 minutes. Considering the results of numerous oxidation studies with manganese porphyrins, we assign Mn1-E as a [Mn(V)1-oxo] + species (see Fig. 1 ). Its appearance as spikes, when compared to Mn1-C, might be attributed to a bound oxygen atom possibly less stable than the other case, or to the fact that the proposed species is charged, with its chloride counter ion being non-coordinated but still present in the outer-coordination shell of the molecule and mobile under the action of the STM tip. When the nearest neighbor distribution histogram of molecules in state Mn1-E (Fig 4C) is compared to that of molecules in state Mn1-C in the experiment with oxygen, at a similar surface coverage (Fig. 3E) , it turns out that in the case of the oxidation reaction using PFIB the peak corresponding to adjacent monolayer locations is lower and in fact in very good agreement with a simulation assuming the formation of Mn1-E with a random spatial distribution on the surface (cf. Supplementary   Fig. S2 ). We propose such a dimer structure for state Mn1-D. Its appearance still features the "four-leaf clover" signature typically observed for a porphyrin plane (Fig. 5A ), but oriented under an
angle of approximately 45º with respect to the other porphyrin planes in the same lamellar array that are directly adsorbed to the surface (Fig. 5B) . Mn1-C and Mn1-D are both proposed to be generated after a reaction of Mn1 with O2.
Before a manganese porphyrin can bind and split oxygen, its manganese centre needs to be reduced from Mn(III) to Mn(II) 1 . Since Mn1 in solution is inert towards oxygen, we propose that in our STM experiments Mn1 is reduced by the negatively biased HOPG surface 39, 40 , and that the hitherto unassigned state Mn1-B corresponds to an Mn(II) species. Several arguments, which will be discussed in the following, are in support of this assignment.
The emergence of Mn1-B, Mn1-C and Mn1-D appeared to be strongly dependent on the applied bias voltage. At positive sample bias voltages and low tunneling current setpoints, the monolayer of Mn1 is unstable and typically desorbs within 30 minutes. At a bias voltage of −500 mV under ambient conditions and an Iset of 5 pA or lower, Mn1-B was never observed, no more than 1% of Mn1-C was present after 4 h, and Mn1-D was observed only occasionally. Under the same conditions but at −800 mV, these relative coverages had
increased to approximately 15%, 5% and 0.3%, respectively (Fig. 6A) . We propose that a sufficiently negative bias on the surface is required to reduce Mn1-A to Mn1-B, an Mn(II) porphyrin, and attribute the observation that not every manganese(III) porphyrin in the monolayer is reduced to a non-ideal coupling between the porphyrin plane and the graphite surface, imposed by the meso-phenyl substituents. Although these substituents can freely rotate, a full alignment of their aromatic planes with the porphyrin plane is highly unfavorable because of steric hindrance with the hydrogen atoms attached to the pyrrole rings. As a result, it is difficult for the manganese atom to come in close contact with the surface, which will decrease the probability of the donation of an electron from the surface (see also the Supplementary Note). Previous research on a monolayer of Mn(III) porphyrins that lacked meso-phenyl substituents revealed that their adsorption to a Au(111) surface led to a quantitative reduction of the manganese centres from Mn(III) to Mn(II) 18 . While a difference in work function between the two surfaces might play a role in this process, it was reasoned that in the case of Au(111) a direct contact between the surface and the metal centre was possible, and that gold adatoms could act as axial ligands to the porphyrin metals 41, 42 . Axial ligand effects between a surface and adsorbed molecules have been studied comprehensively between a Ag(111) surface and various metal-porphyrins in UHV, and it was shown that such interactions can have considerable influence on the electronic state of the porphyrins and their reactivity. 44 But also in the absence of a direct chemical bond a surface like graphite can activate a metal centre, as was demonstrated in a recent STM study of the oxygenation of cobalt porphyrins at the graphite/1-phenyloctane interface. 19 In that case the graphite surface was proposed to stabilise the polarised porphyrin Co−O2 complex by means of charge donation.
Upon its formation, Mn1-B becomes an active site for molecular oxygen and can act as a precursor of the oxygen-containing species Mn1-C and Mn1-D. This precursor role was supported by several dynamic phenomena observed by STM. In subsequent STM images recorded at time intervals of 2.5 minutes, Mn1-B appeared to be 4 times more likely to transform into Mn1-C than molecules of Mn1-A into Mn1-C (Supplementary Table S1 ). In one occasion, a molecule of Mn1-A was observed to switch to Mn1-B in between two scan lines, and in the next STM image to Mn1-C (Fig. 6B) . 
Methods
The STM measurements were performed in the constant current mode with an environmentally controlled home-built low-current STM, using an Omicron Scala SPM remove dissolved oxygen. In order to make a reliable comparison between the measurements carried out in oxygen-poor and oxygen-rich atmospheres, special care was taken that, besides the concentration of oxygen, the other factors were kept as similar as possible: the experiments were performed with the same batch of solution, only one day apart, after argonpurging for two weeks. Vbias and Iset were kept exactly the same in both experiments. The experiments in which the effect of Vbias was studied were performed with the same solution, in ambient conditions after the solution was argon-purged overnight, and with the same Iset.
